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1. Introduction

The last couple of decades have seen unprecedented demand for
high-performance batteries for electric vehicles, aerial surveil-
lance technology, and grid-scale energy storage. The European
Council for Automotive R&D has set targets for automotive bat-
tery energy density of 800Wh L�1, with 350Wh kg�1 specific
energy and 3500W kg�1 peak specific power.[1] However, the

push toward ever higher energy and power
densities increases the risk of dangerous
accidental release of energy from the
batteries.[2] Although lithium-ion batteries
have become safer in many ways since their
invention, there remains the risk of fire and
explosion caused by thermal runaway (TR).
This is an exponential increase in temper-
ature at a rate that cannot be dissipated
quickly enough to the surroundings,
caused by exothermic chemical decomposi-
tion of the materials inside the cells.
The heat generated can propagate to other
cells, causing a dangerous chain reaction
where neighboring cells also begin to
undergo TR. This can result in the entire
battery pack being consumed in a fire or
even exploding.

Most reported incidents of TR were
caused by internal or external short circuits
resulting from abuse of the cell or by sub-
optimal cell design. For example, short cir-

cuits resulting from the crash of a Tesla model X in China in
2017 caused the battery pack to catch fire. A famous example
of a design issue is the recall of the Samsung Note 7 in 2016
due to an excessively thin separator which led to short circuits,
causing several devices to explode.[3]

The risks associated with TR have practical implications for
how lithium-ion batteries can be transported, stored, and used.
For example, lithium-ion batteries have caught fire in the hold of
commercial aircraft,[4] and there are now UN regulations regard-
ing their safe transportation.[5] Fires caused by lithium-ion bat-
tery failure onboard a ferry in 2019, in a parked Jaguar i-Pace in
2018, and other similar incidents have prompted requests for fur-
ther improvement in lithium-ion battery testing standards to
reflect real conditions of use.[6]

All lithium-ion batteries must go through safety and abuse
tests, based on those recommended by the Society of
Automotive Engineers (SAE).[7,8] These include mechanical, ther-
mal, and electrical abuses, designed to create conditions that
could lead to TR (Figure 1). It is essential to develop lithium-
ion batteries that do not undergo TR, even when subjected to
conditions of extreme abuse. The ideal design would prevent
flow of electric current as soon as the internal cell temperature
starts to increase close to the level that can cause TR, to prevent
any risks of fire or damage to the cells.

This Review provides an overview of the recent progress in
various aspects of TR prevention. Different strategies for
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The prevention of thermal runaway (TR) in lithium-ion batteries is vital as the
technology is pushed to its limit of power and energy delivery in applications such
as electric vehicles. TR and the resulting fire and explosion have been responsible
for several high-profile accidents and product recalls over the past decade.
Herein, the causes of TR are described and novel preventative methods are
examined, approaching the problem from different angles by altering the internal
structure of the battery to undergo thermal shutdown or developing the battery
and thermal management systems so that they can detect and prevent TR.
Ultimately, a variety of different technologies is needed to address the emerging
market of highly specialized lithium-ion batteries. Key innovations discussed
include positive temperature coefficient (PTC) materials, self-healing polymer
electrolytes, and hybrid liquid–solid-state electrolytes. Mist cooling achieves a
highly uniform temperature inside the battery pack without the need for pumps
to circulate a coolant. The development of battery management systems (BMSs)
which model the internal temperature of the cell from real-time data and prevent
the cell reaching a critical temperature is an essential area for further research.
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avoiding and mitigating TR are compared, including develop-
ments within the past couple of years. Promising innovations
that keep pace with the recent evolution of lithium-ion technol-
ogy are identified.

2. Mechanism of TR

TR of a lithium-ion cell can be caused by several events which
lead to uncontrolled heating (Figure 1). Internal short circuits
may be caused by a crushing or piercing event or cell abuse such
as overcharging (causing lithium plating at anode) or overdi-
scharging (causing copper plating at the cathode). The same
events may lead to an external short circuit when the battery ter-
minals contact each other. It has also been known for a release of
water into the battery to cause an external short circuit.[9] The
recommended SAE and ISO safety tests for lithium-ion batteries
attempt to induce these root causes of TR via the following abuse
scenarios: controlled crushing, penetration, drop, vibration, roll-
ing, immersion in water, mechanical shock, simulated fuel fire,
high-temperature storage, extremely cold environment, rapid
charge/discharge, thermal shock, overcharge, overdischarge,
and short circuit.[7,8,10] These tests provide data on how each cell
will behave outside normal operating conditions.

Of all abuse conditions, overcharging is particularly likely to
lead to TR because more energy is being continuously added
to the cell, even as the heat inside reaches dangerous levels.
Overcharging leads to deposition of lithium–metal onto the sur-
face of the fully lithiated anode, which can then react exothermi-
cally with the solid–electrolyte interface (SEI), and at the cathode
side, the electrolyte will be oxidized as the safe voltage window is
exceeded.[11] The voltage safety window depends on the chemis-
try of the battery, for example, a lithium-ion battery with LiFePO4

cathode and graphite anode has a maximum charge voltage of
3.65 V and a minimum discharge voltage of 2.5 V, but with a
LiCoO2 cathode, the maximum charging voltage is 4.2 V and
the minimum discharge voltage is 3.0 V.

Regardless of the initial root cause of TR (Figure 1), a
certain sequence of events will occur following an increased tem-
perature inside the cell. Once the cell temperature exceeds the
maximum safe operating temperature, the cell enters the
heat–temperature–reaction (HTR) loop, which is a self-
accelerating process where heat causes exothermic chemical
reactions, leading to further heating, which leads to a chain of
further reactions.[12] The end result of the HTR loop is TR, with
an exponential increase in temperature.[13] The exothermic
decomposition reactions are governed by Arrhenius reaction
kinetics.

QðTÞ ¼ Q0 expð�Ea=RTÞ (1)

where Q(T ) is the heat transferred at a given temperature (T ), Ea
is the activation energy, R is the universal gas constant, and Q0

is the pre-exponential constant.[14] These kinetics can be used in
models which predict the pathway of TR.[15,16]

The first step of the HTR loop is decomposition of the SEI.
which produces ethene (C2H4) and CO or CO2, causing swelling
of the cell, for example[17]

ðCH2OCO2LiÞ2 ¼ Li2CO3 þ C2H4 þ CO2 þ 0.5O2 (2)

The SEI decomposition has an onset temperature of 80 �C[18]

but some reports suggest it may even begin at a lower
temperature.[19,20] The SEI decomposition temperature is low-
ered as the state of charge (SOC) decreases.[21] As exothermic
decomposition of the SEI causes a further increase in tempera-
ture; eventually at 100–120 �C, the electrolyte will decompose
and/or the separator will begin to melt, generating CO2, CO,
and a mixture of hydrocarbon gases depending on cell
chemistry.[18] An internal short circuit is now highly likely.
During a short circuit, as much as 70% of the cell energy can
be released in less than 1min, causing the temperature to
increase further.[22] Above 130 �C, the cathode begins to break
down, a process which generates oxygen, for example[17]

LixCoO2 ¼ xLiCoO2 þ ð1� xÞ=3Co3O4 þ ð1� xÞ=3O2 (3)

This is the step that makes the cell highly flammable. Above
150 �C, this reaction can become self-sustaining if the heat can-
not be dissipated away quickly enough, and the cell is now fully in
TR (Figure 2) with an exponentially increasing temperature
(Figure 3).[23] As gases build up exponentially from the cathode
decomposition (Figure 3), they will vent or explode out of the cell,

Figure 1. Diagram showing the sequences of events leading to TR.

Figure 2. Schematic diagram showing the stages leading toward TR.
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and the highly flammable mixture can be easily ignited by an
electrical spark. As the temperature increases further, eventually,
all cell materials, including the anode and cell casing, will
decompose. The cell temperature can approach 900 �C during
this step.[24]

Even more seriously, a domino effect may then ensue where
the cell in TR triggers neighboring cells in the battery pack to go
into TR.[18] The propagation of TR between cells accelerates if
this process is not stopped and moves along the pathway of low-
est thermal resistance.[25] Propagation from the cells in the center
of the pack is most likely because there are more heat-transfer
paths to neighboring cells. For this reason, it is very important
to isolate a cell from others in the battery pack once it begins to go
into TR, via thermal insulation and cooling and by breaking the
electrical contacts to the cell. The next section of this Review
looks at each of the methods that have been used to prevent
TR and chain reactions between cells.

3. Techniques Deployed to Prevent TR

Systems used to prevent TR are either external, managing
external temperature, and electrically isolating a cell or internal,
preventing the heat-generating processes inside the cell. Internal
systems often add less volume but may be more expensive to
implement. Some systems are more effective than others, and
more than one prevention system can be used at the same time
to increase safety.[26] The following sections examine external
methods: (thermal management systems [3.1] and BMSs [3.2])
and internal methods (cell-level mechanisms [3.3]).

3.1. Thermal Management Systems

The principle behind thermal management systems is simple: to
maintain the cells within their safe temperature limits during
periods of operation and standby. There are two components

of a thermal management system: 1) the coolant which is actively
circulated or passively fixed around the cell to prevent TR during
charging and 2) layers of heat-dissipating/-insulating/fire-
retardant materials wrapped around cells which prevent TR
from spreading to other cells and causing fire. In the case of
active thermal management systems, the components and
circuitry are a subsystem of the BMS which will be covered in
the next section.

In part (ii) of the thermal management system, thermally con-
ductive graphite sheets are often used for heat dissipation,[27,28]

and polyimides or polyester films make excellent thin fire-
retardant materials.[29] A recent innovation in insulation is
nanosilicon balloon insulator (NASBIS), which is very thin
and flexible. Its thermal conductivity is lower than air at
0.02WmK�1.[30] The downside of using all these safety-
enhancing layers is that the extra materials take up volume and
decrease energy density, reducing the range of electric vehicles.

The choice of part (i), the cell coolant, is not straightforward,
and the features of each method are discussed in the following
section.

3.1.1. Cell Coolants

To cool the battery, active methods such as fans and refrigerants
or passive methods such as heat sinks or heat shields are used.
In practice, a combination of these methods may be used
(Figure 4).[31–33] Recent research has focused on delivering sys-
tems which are more compact and have higher heat conductivity
and capacity. Circulating liquid coolant rather than air improves
both heat conductivity and capacity and leads to greater unifor-
mity of temperature throughout the battery pack.[34] However,
this comes at the cost of adding volume and extra mechanical
parts to the cell (Figure 4c). Liquid coolants remain the popular
choice for Tesla in its electric vehicles because they are the most
effective for batteries operating at high charging rates.[35]

The parts for a refrigerant system (Figure 4a) are also more
compact than a liquid system (Figure 4c), but refrigerants have
the disadvantage of adversely cooling the cell during winter.
A different option is to use a phase-change material (PCM)-based
cooling system, which has no need for these extra components
and occupies a smaller volume (Figure 4b). Some of the coolants
used in electric vehicles are shown in Table 1.

PCMs absorb heat from cells by undergoing a phase change,
which requires a large amount of latent heat. They have been
shown to prevent TR if used in sufficient quantities.[25] Many dif-
ferent PCMs have been proposed, from simple materials such as
paraffin wax in electric scooter batteries[36,37] to more complex
materials such as eutectic salts.[10,38] It is difficult to directly com-
pare PCMs as they have been tested with batteries with different
chemistries under different conditions; however, there are cer-
tain advantages and disadvantages associated with each type
(Table 2); for example, metallic salts such as sodium thiosulfate
pentahydrate have the lowest cost in terms of $/kW but may
undergo sedimentation over time and degrade in quality.[39]

The thermal conductivity of hydrocarbons such as paraffin is
so poor that they have to be mixed with a conductive agent such
as expanded graphite, and the composite may degrade over time
due to melting. Eutectic salts and fatty acids do not undergo

Figure 3. Accelerated rate calorimetry of a lithium-ion cell in TR. There are
two events that cause the emission of a gas: a) electrolyte decomposition
and b) cathode decomposition.[24]
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phase separation but may be more expensive than hydrocarbons
such as paraffin.[39]

Since 2015, a new development to improve the effectiveness of
solid PCMs with low thermal conductivity has been to add heat
pipes made of very high thermal conductivity material such as

copper to conduct latent heat from the PCM toward the outside
of the battery pack.[40,41] For example, a sandwich structure con-
sisting of the battery, a plate of PCM–graphite composite, and a
copper plate can be created, with the copper plate attached to a
copper heat pipe with a radiating fin to remove heat efficiently

Figure 4. Schematic diagram of thermal management systems for lithium-ion batteries: a) refrigerant cooling with cooling plates,[31] b) PCM with fan,[32]

c) liquid coolant circulated in a chiller,[32] and d) mist cooling with an evaporating liquid.[33]

Table 1. Examples of different types of thermal management used in commercial lithium-ion batteries.

Coolant Type Specific heat capacity
[kJ kg K�1]

Comments Applications Ref.

Air Gas 1.0 Less effective at high C rates but lowest cost Nissan Leaf [122]

Ford C-max hybrid

Water/glycol Liquid 3.4 Increased weight and complexity Tesla vehicles [123]

Paraffin wax PCM 1.77 Poor thermal conductivity, needs conductive additive Electric Scooters [36]

Tetra-fluoropropene Refrigerant 0.7 Lower volume BMW i3 [124]

Not ideal in winter due to low temperature

Table 2. Examples of PCMs used in lithium-ion batteries.

Material Phase change Specific heat capacity
[kJ kg K�1]a)

Thermal conductivity
[WMk�1]a)

Comments Ref.

Graphite/paraffin composite Solid–liquid 2.5 7.9 Hybrid with air cooling. [26]

0.21 without graphite[125]

Palmitic acid Dehydration 1.9 0.16 Nontoxic, compact [39]

Sodium thiosulfate pentahydrate Dehydration 1.9 0.56 Sedimentation after phase change [39]

MgCl2(H2O)6 Eutectic melt 1.6 0.93 Compact, more expensive [126]

a)Values are given for the initial phase before change.
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from the battery pack.[42] The surface temperature of a battery
surrounded by a PCM with copper heat pipes remained below
32 �C during three charge–discharge cycles. An identical system
without heat pipes reached 45 �C by the end of the third charging
cycle, highlighting the effectiveness of adding a heat pipe to the
system.[42]

Finally, another recent idea for a new kind of phase-change
cooling system is to immerse the cells in a pool of evaporating
liquid, known as mist cooling (Figure 4d).[43] This model is still
under development and is complex to operate but has the poten-
tial to achieve a very uniform temperature inside the battery
pack.[39] The system has the dual advantage of fluid convection
to remove heat, combined with the latent heat energy of the
liquid–gas phase change. The liquid used has to have a boiling
point close to the cell operating temperature such as Novec 7000
hydroflouroether[44] or water vapor.[43]

In summary, thermal management systems with coolant are
an effective way to keep the temperature of lithium-ion batteries
low and prevent TR, but compromises have to be struck between
cost, volume of coolant, and heat capacity/conductivity of the
coolant. Thermal management systems do not prevent the root
causes of TR, and failure of the cooling system can cause the
lithium-ion cells to overheat. It is also important to note that
extreme events such as cell rupture and short circuit may cause
a release of energy beyond which the cooling system can
mitigate.[45] Therefore, it is crucial to constantly monitor the state
of health of the cells in the battery pack using a BMS. This is
discussed in the following section.

3.2. Battery Management Systems

The BMS is an electronic system which monitors the state of the
cells inside the battery, calculates secondary data, and uses this
information to control the balance of the charge, discharge, and
temperatures of the cells.[46] The BMS detects when the battery
pack is degraded or abused and manages the risks using mitiga-
tion measures (e.g., electrically isolating or inhibiting one or
multiple cells). The BMS is completely stable when it keeps
the system within the safe operating area (SOA). If one or more
batteries reaches TR, the BMS may become unstable (Figure 5).
The design of the BMS, including operating voltage, maximum
current, and volume, is specific to the application, with require-
ments being different for automotive versus stationary batteries.
BMS are available off the shelf for common applications, and
several commercial modules can be connected via a controller
area network bus to manage any number of cells. Devices that

have unusual demands (e.g., healthcare devices with high safety
needs) will need a BMS with bespoke design.

A basic BMS will monitor the cell voltages, conduct protection
functions against over-voltage, high current, high temperature,
and provide passive balancing. The second generation of
BMSs is modular rather than centralized and can actively balance
the battery pack based on cell-to-cell-level measurements, which
allow a higher degree of control and protection.[47,48] Figure 6
shows a typical BMS system, with listed subsystems including
cell balancing, charging, and discharging control, fault monitor-
ing, and detection, mitigation, and active thermal management
(see Section 3.1).[48] The subsystems of the BMS are described in
the following sections.

3.2.1. Cell Balancing

Cell equalization (balancing the voltages in the cell) is essential as
it ensures uniform charging of the battery to maximize the
energy delivered and increase battery lifetime.[49] Due to different
initial conditions (e.g., inconsistent manufacturing) and different
operating conditions (power distribution, internal and external
temperatures, or position in the battery pack), batteries will
have different internal parameters and uneven performance.
However, the manufacturer’s datasheets provide reasonable lim-
its on the battery SOA in terms of power and temperatures, so the
BMS can be calibrated to work within these parameters.

Figure 5. Processes of the BMS respective to the battery health.

Figure 6. Schematic diagram of typical BMS functions and interfaces,
based on the study by Barreras et al.[120]
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There are two types of battery balancing: passive balancing,
where energy from the most charged cell is dissipated away
as heat via resistive balancers, and active balancing, where energy
is drawn from the most charged cell and redistributed to the
other cells via converters. As shown in Figure 7, passive balanc-
ing is algorithm dependent, using voltage, final voltage, or SOC
history data. Voltage balancing assumes that a specific voltage
corresponds to a specific SOC for any given cell. Final voltage
balancing uses the voltage at the end of the charging cycle to cal-
culate SOC. In both cases the terminal voltage is often measured
instead of the open-circuit voltage (OCV). The OCV can be
deduced if the impedance including internal resistance,
charge-transfer resistance, and Warburg elements of each cell
is known; however, the resistances change over time. This means
that cells with higher resistances instead of those with the high-
est SOC will be discharged, increasing the imbalance in SOC.
This problem can be overcome by SOC balancing using algo-
rithms based on SOC history, which increases the effectiveness
of balancing hardware by �3.7 times.[50] However, this uses
significant computing power and complexity to store the SOC
of each cell, calculate the difference in charge of each cell com-
pared with the least charged cell, and apply the corresponding
balancing current for each cell in the next charge/discharge cycle
to make the SOC of all cells even.[50]

Active balancing is topology dependent, using power elec-
tronic converters or a transistor configuration to enable energy
transfer in any of the four ways: cell to cell, cell to battery, battery
to cell, and bidirectional (Figure 7). It is claimed that cell to cell is
the most efficient, using around 90% of the overall energy.[50] As
active balancing requires one or more converters (which produce
heat), further energy is required to travel and the less efficient the
system becomes. In most cases, wasted energy is more for active
than passive balancers,[51] and active balancing is only
recommended for applications where passive balancing would
be difficult.[50] Examples are large packs with mismatched cells,
fast-charging batteries, or cells that always operate at high tem-
peratures. Active balancing is also more expensive, and research
aims to reduce costs: a reduced-component balancer proposed
for a 20 kWh battery pack promises to decrease the cost by
37% compared with a typical active balancer.[49]

3.2.2. TR Detection Methods

In addition to balancing voltage and SOC, a BMS has to detect
the onset of TR. Most simply, this can be done by measuring the

temperature of the battery cells. One of the main challenges is
the difficulty of measuring the temperature of individual cells
and acquiring their internal (core) temperature. This would allow
earlier measures to be taken before damage or TR occurs, as the
increase in temperature occurs internally before it increases
externally. A noninvasive method has been proposed, which uses
energy conservation equations to determine the core tempera-
ture of a cylindrical cell from its outside surface temperature dis-
tribution.[52] The results (Figure 8a) showed close agreement
with a battery with an actual set of thermocouples inside.
Another publication developed models to produce estimations
of temperature distribution throughout the battery in real time
utilizing a Kalman filter and a tuned thermal model with finite
temperature sensors.[53] However, so far, most models of TR are
based on the surface temperature of the cell which can be directly
measured.

Studies of the evolution of the battery surface temperature
(Figure 8b) show that there are different stages.[54,55] The SEI
decomposition starts at T1, and the melting process of the sepa-
rator begins at T2 (usually 130–160 �C). Above this temperature,
the separator loses its mechanical integrity and starts to induce
internal micro-short circuits. The point T3 is the TR trigger
(or critical) temperature, which initiates an exponential increase
in temperature caused by the exothermic reactions and short
circuits. This temperature is usually under 200 �C,[54,55] but this
will depend on battery chemistry,[51] as well as SOC,[56] thermal
transport within the cell, thermal transport from the cell surface
to the outside, and the cell geometry.[57] Temperatures under T1
are within the safe operating area, and temperatures under T3
can potentially be considered “reversible” areas, although the
severity of the damage inside the cell increases with increasing
temperature. It has been observed that T1 increases and T3
decreases as the cell ages.[58] A combination of experimental
work with modeling[53,55,59] concluded that T2 is critical for eval-
uating battery safety, because a cell with higher T2 will be more
likely to pass abuse tests, such as oven heating, nail penetration,
or other mechanical abuse.[60,61]

Measurements other than temperature could be used by the
BMS to detect the state of health of a battery cell. For example,
in situ impedance characterization in real time observed that the
Warburg element of cell impedance was particularly sensitive to
increased operation temperature.[58] Impedance measurements
of charge-transfer resistance are emerging as a low-cost
method for the BMS to monitor the state of health of cells
during use.[62]

Figure 7. Types of balancing in a BMS.[50]

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2021, 2000059 2000059 (6 of 14) © 2021 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


Some of the newer BMSs use incremental capacity analysis to
assess the battery state of health. If the state of health is defined
by the maximum capacity of the cell as a percentage of the
original maximum capacity, then capacity readings should give
an idea of state of health with each cycle. However, batteries are
rarely fully discharged, with vehicles usually operated at 40–80%
depth of discharge.[63] The BMS can use algorithms to calculate
the state of health from standard sensor inputs (voltage, current,
and temperature) in real time. These algorithms are based on the
derivative of the partial charging curve with respect to the cell
voltage.[63,64] Compared with other computational methods of
estimating capacity in real time, such as Kalman filter-based
algorithms and machine learning, relatively small amounts of
experimental data and computational power are required.[65]

Noninvasive analysis methods can also be used to detect
specific battery failure events from the battery voltage reading
over time. For example, weakened contacts in the electrical
circuitry surrounding the battery can be detected by statistical
comparison with an equivalent circuit model,[66] and lithium plat-
ing at the anode can be inferred by identifying a characteristic
stripping plateau at the discharging plateau of the battery.[67]

Another approach to TR detection by the BMS is to detect gas
release. An increase in temperature and gassing both increase
pressure inside the cell, and gas sensors can be used in tandem
with volume expansion measurements (via pressure sensors) of

cells to detect gas evolution in the earliest stage of TR (SEI
decomposition).[68] The exact quantity and composition of gas
evolved during decomposition of the SEI depend on cell chem-
istry, but because of unavoidable impurities, lithium carbonates
are present at the cathode SEI and residual water at the anode
SEI; this means that all lithium-ion batteries will generate
CO2 and H2 in measurable concentrations.[24,69] Evaporated
electrolyte can also be detected by sensors for volatile organic
compounds.[70] Results of implementing a gas sensor into a lith-
ium-ion battery system[71] show that the sensors can detect
electrolyte leaks and an increase in volatile organic compound
concentration and can detect battery failures earlier than the tem-
perature sensors. However, it is still unclear if this is always
effective as success varies according to sensor position and sen-
sitivity, mechanical restrictions in the battery system, and decom-
position onset temperature. Ideally, the sensors would detect the
gases at ppm levels, but in practice, this is challenging.[72]

3.2.3. TR Mitigation by the BMS

If the battery pack ceases to operate within the SOA, and TR has
been detected, and mitigation measures are necessary. These
measures can be implemented at a materials level, cell level, or
system (battery pack) level.[73] The BMS has control overmitigation
at cell and system level. Mitigation methods used by the BMS can
include system shut down (either the whole battery pack or one
subsection) via safety switches, which trip in the event of increased
current or temperature, deploying the thermal management sys-
tem, releasing inert gas to quench flames, opening vents to remove
heat and gases, and closing vents to prevent escape of fire.[73,74]

Some of the mitigating methods deployed by the BMS are
shown in Figure 9. At cell level, the topology of the BMS could
electrically isolate all of the cell(s) that approach TR. Alternatively,
at system level, the battery or pack could be prematurely
discharged by the BMS to decrease risk. As TR becomes more
advanced, a successive string of mitigation measures will have
to be applied, becoming increasingly extreme and fast acting.
While the cells are still in the safe operating area, the BMS
can balance the cells and deploy the active thermal management
system (fans or coolant pumps) to prevent increased tempera-
ture. If one cell leaves the SOA, the BMS can shut off all cells
connected in series in that part of the battery and redistribute
charge. The BMS can control the release of inert gases to trap
and dilute the battery vent gases to prevent fire.[75] If TR persists
and spreads, total system shutdown is crucial, as well as rapid
sealing of vents if fire is detected.[74] The battery should be
surrounded by caged structures, which contain an explosion, and
the cell casing should be made of nonflammable materials, with
similar materials between cells to prevent TR propagation.[73]

3.3. Cell-Level Mechanisms to Avoid TR

To address TR at a deeper level, mechanisms can be built into the
structure of the cell as a preventative measure. The components
can be modified to reduce the likelihood of short circuits, to shut
down the cell at elevated temperatures, and to prevent the release
of volatile gases. The following sections discuss these innova-
tions in detail.

Figure 8. a) Theoretical relationship between the external and core temper-
ature of a cell.[52] b) External temperature and voltage of a battery cell.[54]
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3.3.1. Electrode Modifications

The first aspect of electrode design to consider is to avoid
geometries which increase the likelihood of lithium plating,
which can lead to an internal short circuit.[76] It is important
to avoid inhomogeneity in the particle distribution and sharp
edges. The active surface of a lithium-ion battery anode is always
cut slightly larger in area than the cathode to avoid lithium-ion
dendrite formation at the edge.[77]

The chemistry of the electrodes and the SEI is crucial to cell
stability and how likely the cells are to undergo TR. The most
stable cathode material in current use is LiFePO4 (LFP), which
is stable up to 310 �C.[78,79] Other commonly used cathode mate-
rials, such as layered lithiated metal oxides, generate a large
amount of oxygen on heating.[80] The anode will also decompose
as the temperature increases further, and it has been found
through differential scanning calorimetry that a Li4Ti5O12 anode
is more thermally stable than graphite.[80] The newer, high-
capacity anodes made from Si and Sn are still under investiga-
tion, and they face unique challenges due to their higher energy
density and extreme volume expansion when lithiated.[81]

Figure 10 shows accelerated rate calorimetry of four different
cell chemistries; below 200 �C, it is notable that the cell with the
LFP cathode has the lowest rate of temperature increase (ΔT )
compared with other cell chemistries. The two cells with
NMC cathodes release a much larger amount of heat energy
before cell shutdown, especially the cell with NMC442 cell with
Li(Ni0.4Co0.2Mn0.4)O2–graphite chemistry (Figure 10). The rea-
son for the enhanced stability of LFP cathodes is believed to
be the strong phosphorous–oxygen bonds, which inhibit release
of O2 from the cathode upon heating.[82] LFP also produces the
lowest volume of gas during TR.[24]

In addition to the chemistry, the capacity of the cell strongly
affects the energy released during TR. An accelerated calorimetry
study of LCO–graphite cells with 33, 1000, and 3300mAh
capacities showed that the energy released during TR is in pro-
portion to the capacity of the cell; the 33mAh cell underwent
incomplete TR.[83] The authors suggest that this is due to the
larger proportion of inactive materials blended with the cathode
materials in the lower-capacity cell, which absorbs the heat pro-
duced. Although it is impractical for automotive applications to
use low-capacity cells with a large amount of “wasted” volume,
this may be useful information for applications where volume is
not at a premium, as the results of this research suggest that

larger banks of lower-capacity cells would be at a negligible risk
of undergoing TR.

Aside from the discussion on electrode materials, it has been
indicated that as TR begins at the SEI, the electrolyte is the most
crucial part of the cell to initiate the TR process.[80] Recent dis-
coveries of thermally stable electrolytes are discussed in the next
section.

3.3.2. Electrolyte Composition

As TR begins at the SEI, the electrolyte composition is an impor-
tant part of preventing TR. The first generation of lithium-ion
battery electrolytes is made by dissolving a salt, such as LiPF6
or LiClO4, in a mixture of ethylene carbonate with diethyl carbon-
ate. This mixture becomes unstable above 4.5 V, so although it
works for LiCoO2–graphite, LiFePO4–graphite, and other well-
established chemistries, for the next generation of lithium-ion
batteries (e.g., LNMO–graphite) which have to endure higher
voltages and fast charging currents, these electrolytes will need
improvement for their safety.[84] Organic fluorocompounds are

Figure 9. Some mitigation methods at cell and system level.

Figure 10. Accelerated calorimetry of lithium-ion cells with four different
cell chemistries. NMC442¼ Li(Ni0.4Co0.2Mn0.4)O2, LPF¼ LiFePO4,
MCMB¼mesocarbon microbeads, NMC111¼ Li(NiCoMn)1/3O2,
LCO¼ LiCoO2, MAG10¼ Cu–graphite, and LTO¼ Li4Ti5O12.

[121]
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currently under development to allow formation of a more stable
SEI that is resistant to high voltages.[84]

The electrolyte can also be manufactured with flame-retardant
properties[85–88] to stop mixtures of gases from igniting, at the
cost of increasing electrolyte volume with complex additives
such as cyclophosphazenes.[85] However, more fundamentally,
the electrolyte can be designed to be nonliquid, to prevent the
release of flammable gases, which progresses TR. Certain poly-
mer electrolytes, either gel or solid, are used in this respect but
suffer lower ionic conductivities.[89] Solid polymer electrolytes
may be flammable,[90] so must be specifically designed with
noncombustible materials, but solid ceramics are inherently safe
in this regard. In 2020, a fire-retardant, self-healing polymer elec-
trolyte was reported, which can reform via a network of hydrogen
bonds when cut.[91]

Another less common solution is to use a completely nonflam-
mable inorganic electrolyte such as an aqueous solution.[92–95]

However, aqueous lithium-ion batteries have many limitations,
mainly the much lower voltage and energy densities and diffi-
culty in preventing the oxygen reduction reaction. The problem
of oxygen reduction may decrease by use of water-in-salt electro-
lyte, which is an extremely concentrated salt solution.[96–98]

Research published in 2020 suggests that this is achievable
and with a cell voltage of 2.7 V.[92] Further work is needed to
develop the technology and ensure long-term stability. A recent
discovery of nature-derived aqueous carboxymethyl cellulose gels
with self-healing properties is an interesting new avenue.[99,100]

Table 3 shows some of the emerging flame-retardant battery
technologies. Those with nonflammable liquid organic electro-
lytes offer performance characteristics that are more like existing
lithium-ion batteries. Until recently aqueous lithium-ion batter-
ies lagged far behind in terms of their voltage and energy density
but the latest research into water-in-salt electrolytes with halide
lithium electrodes has yielded exceptional results with a cell volt-
age of 4.7 V and a specific energy of 304Wh kg�1, considering
the mass of the full cell.[101] This large specific energy is achieved
due to formation of a (LiBr)0.5–(LiCl)0.5–C intercalation com-
pound, which can intercalate roughly one lithium ion per four
carbon atoms. Solid polymer and solid-state batteries have com-
parably high voltages but typically suffer from low power densi-
ties due to the poor ionic conductivity of solids compared with

liquids. However, a novel hybrid system published in 2020
combined materials from ionic liquids and polymers in a
nonflammable hybrid system, which reached a power density
of 476W kg�1. This is competitive with liquid systems while
conferring some of the advantages of solid state (increased
mechanical strength and resistance to short circuits).

An innovative approach to high-safety lithium-ion batteries is
to render the cell highly resistive during storage and reactivate it
on demand using internal self-heating via a nickel metal sheet.
This property is achieved using triallyl phosphate (TAP) mole-
cules which polymerize at the SEI at room temperature.[102]

This reduces problems such as cell aging and self-discharge,
leading to improved battery state of health. The passivated cells
are completely resistant to the causes of TR. However, to be used,
the battery must be subjected to controlled heating to 60 �C for
10–20 s to decrease the charge-transfer resistance of the SEI
before use, so a cell chemistry that is stable at these temperatures
is required. The authors did not supply a mechanism for how
this decrease in resistance works, but it may be due to increased
mobility of conductive polymer chains. It is important to note
that while active, the cells are not completely immune from
TR, and the operating temperature of 60 �C edges toward the
temperature at which the SEI may begin to decompose.
However, the authors explained that the addition of TAP pre-
vents some of the destructive reactions that occur at the SEI,
which is why it is successful at preventing TR.

3.3.3. Separator Design

The separator can also play a role in decreasing the conductivity
of the cell as the temperature increases. A commonly used poly-
mer is polyethylene blended with other polymers for mechanical
strength. Poly(ethylene) has a melting temperature of 130 �C, so
the cell will be rendered inoperable above this temperature as the
electronic pathways are broken by melting.[103] Unfortunately,
this is not reversible, so the cell will then have to be broken down
for recycling. Also, this thermal shutdown separator is limited by
the time it takes for the polymer to melt, which may not be suffi-
cient if the rate of heat generation is very high.

Research on improved thermal shutdown separators has
recently focused on polyacrylonitrile (PAN), which does not melt

Table 3. Recent flame-resistant lithium-ion batteries in the literature.

Battery Cathode/Anodea) Electrolyteb) Type Avg. cell
voltage [V]

Specific energy
[Wh kg�1]

Specific power
[W kg�1]

Ref.

LiNi0.5Mn1.5O4/graphite TFEP Liquid organic 4.6 – – [127]

NCM622/graphite LiPF6/EC/EMC Triallyl phosphate Liquid organic 3.7 166 440 [102]

LiMn2O4/Al2O3@LiTiTi2(PO4)3 LiTSFI/H2O Aqueous 2.6 170 300 [92]

(LiBr)0.5–(LiCl)0.5 /Graphite LiTSFI/LiOTf/H2O Aqueous 4.2 304 336 [101]

LiFePO4/Li PEO/LiTFSI Solid polymer 3.45 – – [90]

LiCo2/Li LATP Solid State 4.0 600 60 [128]

LiFePO4/Li LiTFSI, LLZO, PP13TFSI IL, in PVDF-HFP matrix Hybrid Solid–ionic liquid 3.4 – 476 [129]

a)NCM¼ nickel cobalt manganese oxide; b)TPEP¼ 2-(2,2,2-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide; EC¼ ethylene carbonate; EMC¼ ethylene methyl carbonate;
LiTSFI¼ lithium bis(trifluoromethanesulfonyl)imide; LiOTf¼ lithium trifluoromethane sulfonate; LATP¼ lithium aluminum titanium phosphate; LLZO¼ lithium
lanthanum zirconium oxide; PP13TSFI¼N-methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide.
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until 322 �C, but undergoes a reversible thermal expansion above
80 �C, causing a tenfold increase in resistance over a 10 �C tem-
perature increase.[104] The PAN can be electrospun as a compos-
ite with PVdF to improve its wettability by the electrolyte.[105]

Composites of polymers and ceramics, such as TiO2–PVdF and
CaCO3–PTFE, are another promising avenue of research.[106] The
ceramic ensures that the separator maintains its mechanical integ-
rity and makes the cell more tolerant of abuse, whereas the poly-
mer undergoes a structural change as the temperature increases,
blocking the pores and rendering the cell nonconductive.

Aside from causing thermal shutdown, separators can also be
designed with chemical or mechanical properties to prevent
formation of lithium dendrites at the anode. Some ceramic sep-
arators developed for other lithium-containing batteries such as
Li–metal and Li–S may be of interest. One such separator is
vermiculite, a hydrated laminar ceramic with high strength
and Young’s modulus, which is resistant to penetration by
lithium–metal dendrites.[107] Another recent innovation is the
coating of a polymer separator with a TiO2 layer on the cathode
side that reacts with and destroys any lithium dendrites that have
penetrated the separator.[108] A similar separator which con-
sumes lithium has also been made by sandwiching silica nano-
particles in between separator layers.[109]

A publication in 2018 reported a unique ceramic separator
made from a renewable resource, eggshell membranes,[110]

which was shown to be effective in preventing the formation
of lithium dendrites after long-term cycling at the 5.0 C rate com-
pared with a commercial Celgard membrane. The safety and sus-
tainability of this material made it an attractive candidate for
future lithium-ion battery separators compared with traditional
petrochemical materials. It has been estimated that 400 kWh
of energy is needed to produce a 1 kWh lithium-ion battery, pro-
ducing around 75 kg of CO2 emissions;[111] the use of nature-
derived materials could decrease some of these emissions.

3.3.4. Temperature-Sensitive Additives (Positive Temperature
Coefficient [PTC] Materials)

Certain ferroelectric semiconductors have a positive temperature
coefficient (PTC) relationship between resistivity and tempera-
ture and become dramatically less conductive above their
Curie temperature,[112] the point at which there is an abrupt
change in the crystal structure of the material. This means that

if these materials are used as the conductive additive in lithium-
ion battery electrodes, the cell conductivity could undergo a sev-
eral orders of magnitude decrease above a certain temperature.
The great challenge is to find a material with a Curie temperature
close to room temperature; most materials have a temperature
well above 200 �C.

The class of materials used in ceramic PTC resistors has the
general formula Ba1�xLnTiO3, where Ln is a metal from the lan-
thanide series. For example, recently Ba0.7Sr0.3TiO3 and
Ba0.9Sr0.1TiO3 ceramics displayed Curie temperatures of 38
and 54 �C, respectively, which are only just below the onset tem-
perature of TR.[113] Ceramic PTC materials are only semicon-
ducting (the conductivity of BaTiO3 is close to 10�7 S cm�1 at
room temperature)[114] so require the addition of a conductive
additive (Table 4).

Apart from conductive additives, the polymer binders inside
the cell can also be designed as temperature sensitive, ideally
beginning at temperatures below 100 �C. For example, LiCoO2

sandwiched with poly(methyl methacrylate) mixed with Super
P carbon black was found to have PTC properties, increasing
resistance at 80–120 �C such that the cell capacity of
140mAh.g�1 decreases to 8.4 mAh g�1 at 110 �C, blocking
transfer of most of the current through the cell.[115] Carbon/poly-
ethylene compostites are another PTCmaterial;[116] the challenge
is to improve the contact between the conductive particles
embedded in the polymer matrix.

The most successful strategy for safety is to deploy PTC mate-
rials at the SEI as a protective layer, rather than generally mixing
them with the cathode materials. A composite of poly(3-decylth-
iophene) spray coated onto an LCO cathode showed a strong PTC
effect, with electronic conductivity decreasing from around
10�3 Scm�1 at room temperature to 10�6 Scm�1 at 80–100 �C,
the ideal range for preventing TR.[117] However, adding the
PTC materials as a separate layer comes with the disadvantages
of adding bulk to the cathode, and also decreasing the conduc-
tivity at the SEI, as carbon–polymer composites are not especially
conductive. A publication from 2019 used the conductive poly-
mer poly(3-octylpyrrole)/carbon as a PTC material directly mixed
into the LCO cathode material and showed increased resistivity
by four orders of magnitude from room temperature to 120 �C.
The 30.3 Scm�1 conductivity of the cathode at room temperature
compares favorably with the 4 Scm�1 conductivity of Super P
carbon.[118] Another strategy to increase conductivity is to use
nickel nanoparticles in the polymer composite, which are much

Table 4. Properties of recent PTC materials for lithium-ion batteries. RT¼ room temperature.

Material PTC Temp
range [�C]

RT conductivity Order of magnitude decrease in
conductivity/increase in resistivity

Refs.

Poly(3-octypyrrole)/C 120 30.3 Scm�1 4 [118]

Poly(3-doddecylthiophene 90–100 – 4 [130]

Polyethylene microspheres 110 0.3 mScm�1 Not measured [131]

Poly(3-ethylenedioxythiophene) (PEDOT/C) 100–120 600 Scm�1 >4 [132]

PVDF/Ni nanoparticles 75–170 300 Scm�1 8 [119]

BaTiO3–Bi0.5Li0.5TiO3 100–160 �10�7 Scm�1 3.5 [133]

Ba1�xLnTiO3 54–100 �10�7 Scm�1 2–4 [113]

Bi1/2Ti1/2O3 doped BaTiO3 125–200 �10�7 Scm�1 7–8 [134]
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more conductive than carbon, leading to a 300 Scm�1 conductiv-
ity of the composite film at room temperature.[119] A practical
feature of these PVdF/Ni films is that the temperature range
of the PTC response can be tuned by altering the polymer/Ni
ratio.

At the time of writing, research into polymer additives is more
numerous than ceramic materials, because the number of
polymer–carbon composites exhibiting PTC behavior in the
appropriate temperature range is significantly greater. Care
needs to be taken that the PTC materials are nonflammable
and are compatible with the other materials in the battery so that
there will be no unwanted side reactions.

4. Summary and Conclusion

The prevention of TR in lithium-ion batteries can be addressed
using many different methods: functions of BMSs, devices
which dissipate heat, and internal modifications of the cells
which inhibit the chemical reactions that lead to TR. There have
been numerous recent innovations in all these areas. The devel-
opment of PTC materials and other thermal shutdown materials
that reversibly enter a low-conductivity state above 60 �C is
highlighted as being of particular importance, as they can
improve safety by tackling the root causes of TR (Figure 1).
This material engineering at the cell level should be the focus
of future research, aimed at making a cell in which TR is not
possible. This will reduce the size, cost, and complexity of the
higher layers of battery safety protection (Figure 11), such as
the insulating materials, thermal, and BMSs. These layers (num-
bers 4–6 in Figure 11) will still be required to balance cell voltages
and act as a failsafe, but they will be supported by underlying
protection from the cell materials (numbers 1–3 in Figure 11).

The appropriate technology for the battery pack depends on
the intended application. For example, in automotive batteries,

power density is high, and the consequences of TR can be most
tragic, giving an incentive to use as many layers of protection
against TR as possible. However, there is limited volume inside
the vehicle. Designing the layers of protection against TR will
need to be a compromise between battery performance (i.e., max-
imum power/capacity), space saving, and cost. Here, the use of
novel self-healing polymer electrolytes and hybrid liquid–solid-
state electrolytes may be of great interest, as they have shown
improved safety without compromising performance and adding
bulk. The higher layers of protection including the BMS and cool-
ant will need to be compact and efficient in their use of energy.
Mist cooling is a promising new technology to achieve a highly
uniform temperature without the need for pumps to circulate a
coolant. To decrease the need for mitigation functions on the
BMS, early TR detection systems have to be enhanced. A BMS
which can model the internal temperature of the cell from real-
time data and prevent the cell reaching a critical temperature is
an essential area for further research.

In addition to concerns with safety, the impact of lithium-ion
batteries on the environment should be at the forefront of
researchers’ minds when introducing new innovations to a bat-
tery. Nature-derived materials, such as the dendrite-preventing
separators manufactured from eggshell membranes
(Section 3.3.3), are an example of how lithium-ion batteries could
be made using more sustainable production methods. The other
parts of the battery, including the PCMs, insulation, BMS, and
cooling system, should be designed for efficient use of materials
and energy.
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